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Abstract 27
Prolonged production of Atlantic salmon (Salmo salar) post-smolts in closed-containment systems has 28 prompted research into biological requirements under higher production intensities. This study 29 examined the effect of fish density and specific water flow on skin health in post post-smolts 30 particularly focusing on epithelial cell morphology and gene expression. 31
In the density experiment, post-smolts were kept at five different fish densities ( Results from this study suggests that skin is a sensitive organ for environmental changes, and suggests 46 several molecular indicators that may be valuable in predicting the effects of varying rearing conditions 47 on skin health. Further validation through long-term studies, combined with other health parameters 48 is required for practical recommendations regarding critical fish density and water flow for optimal fish 49 health and performance in semi-closed production systems. 
Introduction 62
Low-cost open cages are the predominant type of cage used in salmon culture today. However, there 63 are concerns related to this technology in regards to increased sea lice (Lepeophtheirus salmonis) 64 pressure, escapes, nutrient discharge and fish mortalities (Gullestad et al., 2011) . This has prompted 65 several initiatives for testing semi-closed-containment technologies (S-CCS) in sea and closed-66 containment systems (CCS) in land-based facilities (Iversen et al., 2013) . In both S-CCS and CCS, the 67 species are separated from the surroundings by a physical hindrance. In S-CCS, water is exchanged 68 from a natural waterway, whereas in CCS the water is treated and recycled. 69
In Norway, production of post-smolts up to 1 kg in size in CCS was permitted from 2011 (Norwegian 70 Ministry of Trade, Industry and Fisheries, 2011). However, since these systems carry with them high 71 investment-and running costs, a high production intensity is required (Iversen et al., 2013; Terjesen, 72 2013 Zuchelkowski et al., 1981) . In addition to mucins, mucus also contains antibacterial peptides, 95 immunoglobulins and enzymes. Lysozyme is one of the enzymes found in the mucus layer and its 96 antibacterial properties cleave the 1,4-beta-linkages in the bacteria cell wall, thus playing a possible 97 part of the innate immune system in fish . Cathepsins are a large family of proteases 98 that participate in protein degradation in lysosomes, endosomes as well as in cytosol and the nucleus. 99
They are involved in a wide range of physiological processes in mammals and some of the reported 100 functions are antigen processing, bone resorption and protein turnover (Brix & . In all groups, specific water 150 flow was kept at 0.6 l/kg/min and temperature at 9.3 o C. Both temperature and oxygen saturation were 151 measured daily (YSI 550, Xylem Inc., Yellow Springs, USA) in the outlet water of each tank, and pH was 152 measured every week. The oxygen level in the outlet water was kept higher than 80% through 153 oxygenation in the header tanks. All treatments were fed a commercial freshwater dry diet (Smolt 30,  154 2.8 mm, Ewos Norway) in 10% excess with automatic feeders daily between 09.00-10.00 and 15.00-155
16.00 throughout the study. A freshwater feed was used to reduce the sinking rate of the pellets 156 increasing the availability time of the feed, thus minimizing the density dependent effect of feeding. 157
Experimental design, specific water flow 158
This study was carried out at the same time, in the same facilities, with the same fish material and with 159 the same feed and water monitoring as described above. In this study fish were fed with an automatic 160 feeder daily between 09.00-16.00. On October 10 th 2012, 2500 smolts (mean weight (SEM) = 113.6 g 161 Water velocity in each tank was kept stable and equal by adjusting the angle on the inlet water pipe. 166
Water quality parameters were measured in the outlet of each tank over the eight week experimental 167 period (Table 1 ). The stocking density was kept at 75 kg/m 3 throughout the experimental period by 168 removing the biomass gain from each tank every second week. 169
Sampling 170
Samples (n=12 per treatment) were collected at the final sampling after eight weeks for both the fish 171 density and specific water flow experiments. All individuals were fasted 24 hours prior to sampling and 172 anesthetized with 200 mg/l MS-222, a procedure avoiding any physical contact with the skin area from 173 where the samples were taken. Skin samples were collected from a standardized 1 cm 2 area behind 174 the dorsal fin and above the lateral line. compared to all the other density groups ( Fig. 2A, B, C) . Transcription levels of matrix 266 metalloproteinase 9 were significantly higher at both 100 and 125 kg/m 3 compared to the other density 267 groups (Fig. 2G) . Claudin 10 was significantly up-regulated at 125 kg/m 3 compared to the 25, 50 and 268 75 kg/m 3 groups (Fig. 2D) To investigate whether different levels of specific water flow cause structural alterations in the 275 epithelial cell morphology, changes in mucous cell number or mucus amount, microscopy analyses of 276 fluorescence stained whole-mount skin samples were conducted. No significant differences were 277 found in epithelial cell morphology, number of mucous cells or mucus content (Table 4 ). 278 279
Specific water flow alters skin gene expression 280
To investigate whether different water flow levels cause transcriptional changes in genes involved in 281 mucus production, barrier and immune functions, RT-qPCR was conducted on several genes known to 282 be involved in these processes. RT-qPCR analysis showed overall higher transcription of investigated 283 genes in the two groups with the lowest specific water flow compared to the two groups with higher 284 specific water flow (Fig. 3 ). There was a clear separation in expression profiles between 0.3 and 0.4 285 l/kg/min, hence the groups with the lowest specific flow (0.2 and 0.3 l/kg/min) and the highest specific 286 flow levels (0.4 and 0.5 l/kg/min) were pooled. After the pooling the mucin genes mucin-like 2 and 287 mucin-like 5ac showed significantly increased relative gene transcription in the 0.2-0.3 l/kg/min group 288 compared to 0.4-0.5 l/kg/min (Fig. 3H, I ). Correspondingly, an increased relative gene transcription was 289 found for cathepsins B, D and L (Fig. 3A , B, C), inducible nitric oxide synthase (Fig. 3E) and lysozyme ( 
Discussion 293
The two experiments described in this study were designed to simulate conditions in S-CCS at sea, 294 testing five fish densities and four specific water flow levels that are relevant for the salmon farming 295 industry (Thorarensen & Farrell, 2011) . In the density experiment, microscopic examination of 296 fluorescence stained whole-mount skin samples demonstrated significant differences in epithelial cell 297 morphology, with increased spacing between epithelial cells at fish densities of 50 kg/m 3 and 125 298 kg/m 3 . Gene expression analysis revealed increased transcription of several genes involved in 299 immunity and repair mechanisms in the skin at fish densities ≥ 100 kg/m 3 . In the specific water flow 300 experiment, gene transcription analysis revealed significantly higher transcription of genes involved in 301 cellular stress and immunity at water flow ≤0.3 l/kg/min compared to specific water flow ≥0.4 l/kg/min. 302 303
Transcription of nine different genes was evaluated to investigate the effect of increased fish density 304 and reduced specific water flow on skin health. Genes in the cathepsin and mucin family were the only 305 genes with increased transcription in both experiments. 306 307
Cathepsins were chosen as markers for cellular turnover and protein remodeling in the skin. Previous studies have demonstrated that cysteine proteinases such as cathepsin B and -L are 311 commonly expressed in the skin of Japanese eel (Anguilla japonica), further environmental stimuli such 312 as thermal stress and external bacterial exposure enhances the proteolytic activity in epidermis, 313 probably through increased activity of cathepsins (Aranishi et al., 1998) . Cortisol may be a mediator 314 for increased peripheral proteolysis in fishes (Mommsen et al., 1999 339 Marel et al., 2010). The observed increase in mucin transcription in the present study may be due to 340 changes in water quality parameters. In conclusion, both high fish densities and low specific water flow 341 trigger mucin transcription which may indicate that the fish either adjust to changes in water quality 342 parameters, or experience epithelial damage, or a combination of both. Further studies of the specific 343 transcription pattern of more mucin genes during different rearing conditions are warranted as these 344 will provide insight into mucosal protection. In the present study, no correlation was found between 345 the number of mucous cells and mucus amount with the transcription of the mucin genes. 346 347
Five out of nine genes had increased transcription only in the density or the specific water flow 348 experiment. High fish densities led to increased transcription of claudin 10 and matrix 349 metalloproteinase 9 in Atlantic salmon skin. The tight junction protein claudin 10 was used as a marker In rainbow trout, increased transcription of matrix metalloproteinase 9 have been linked to the early 379 inflammatory stages in wound healing but not in later stages . In the present 380 study, reduction in epithelial cell morphology at 125 kg/m 3 may explain the increased transcription of 381 matrix metalloproteinase 9. However, no reduction was found in the epithelial cell morphology at 100 382 kg/m 3 . As described previously, changes in water quality parameters due to increased fish densities 383 may also explain the increased transcription of matrix metalloproteinase 9. In conclusion, the observed 384 increase in matrix metalloproteinase 9 transcription may indicate that the cells respond to changes in 385 the rearing environment or that matrix metalloproteinase 9 is sensitive to skin damage when 386 histological changes in cell morphology are not yet observable. 387 388
In the specific water flow experiment, transcription of inducible nitric oxide synthase and lysozyme 389 increased at a specific water flow of 0.2-0.3 l/kg/min. These genes were not affected by increasing fish 390 densities. Inducible nitric oxide synthase is often used as a marker for cellular stress responses and 391 activation of innate immunity. With respect to nitric oxide production, it is known that nitric oxide 392 synthase activity is induced in catfish leucocytes following experimental challenge with gram negative 393 bacteria (Schoor & Plumb, 1994) and that stimulation of a goldfish macrophage cell line with 394 lipopolysaccharides induces nitric oxide release (Neumann et al., 1995) . Phagocytes from common 395 carp produce huge amounts of nitric oxide after stimulation with lipopolysaccharides (Saeij et al., 2000) 396 and transcription of inducible nitric oxide synthase in head kidney and gill tissue have been detected in 397 rainbow trout challenged with bacteria (Laing et al., 1999) . Thus, the observed increase in inducible 398 nitric oxide synthase transcription is likely to be linked to an increased need for mucosal protection in 399 the skin. However, the increased transcription of lysozyme may indicate activation of the innate 400 immunity in the skin. Lysozyme is present in mucus, lymphoid tissue, plasma and other body fluids of 401 freshwater and marine fish, thus it is an important defense molecule of the fish innate immune system 402 (Saurabh & Sahoo, 2008) . In rainbow trout, lysozyme activity can be dependent on the degree of stress, 403 as well as the intensity, duration and type of stressor (Yildiz, 2006) . Rainbow trout exposed to handling 404 stress had increased lysozyme activity in plasma (Demers & Bayne, 1997 In the specific water flow experiment there was no association between epithelial cell morphology and 436 flow rates. The reason for the reduction in epithelial cell morphology in the density experiment may 437 be explained by skin abrasions caused by altered swimming pattern and behavior, which would be 438 unlikely to occur at different specific water flow levels. 439 440
In conclusion, our results suggest impaired skin health at fish densities of 50 and 125 kg/m 3 , implied 441 from reduced epithelial cell morphology together with induced transcription of genes involved in 442 barrier and epithelial repair functions, possibly due to suboptimal water quality and/or increased skin 443 abrasion. A fish density at or above 100 kg/m 3 also resulted in increased transcription of matrix 444 metalloproteinase 9 and claudin 10, implying elevated cellular stress also at these densities. The range 445 of specific water flow treatments affected neither epithelial cell morphology nor mucus integrity. 446 However, water flow ≤0.3 l/kg/min caused increased transcription of genes involved in innate 447 immunity and mucus production, possibly through changes in water quality parameters. 
